We study ǫ ′ /ǫ in the Standard Model and ǫ ′ /ǫ due to anomalous W W γ and W W Z interactions as a function of the top quark mass. In the Standard Model, ǫ ′ /ǫ is in the range 10 −3 ∼ 10 −4 for the central value of top quark mass reported by CDF. The anomalous gauge couplings can have large contributions to the CP violating I = 2 amplitude in K → ππ. Within the allowed regions for the anomalous gauge couplings, ǫ ′ /ǫ can be dramatically different from the standard model prediction.
I. INTRODUCTION
The SU(2) L × U(1) Y Standard Model (SM) of electroweak interactions is in very good agreement with present experimental data. The experimental data from LEP and SLC and the theoretical predictions in the SM for the gauge-fermion couplings agree at the 1% level or better [1] . However, one of the most direct consequences of the SM, the self-interaction of the gauge particles, the W, Z and photon, characteristic of nonabelian gauge theories, has not been directly tested. It is important to study these self-interactions to establish whether the weak bosons are gauge particles with interactions predicted by the SM, or gauge particles of some extensions of the SM which predict different interactions at loop levels, or even non-gauge particles whose self-interactions at low energies are described by effective interactions.
Large uncertainties are introduced into studies of physics beyond the SM due to our lack of knowledge of the top quark mass m t . D0 has put the lower bound on m t to be 131 GeV [2] . CDF has announced evidence for the existence of top quark with a mass of 174 ± 10 +13 −12 GeV [3] . If confirmed, this information will allow us to make better predictions of new physics beyond the SM. In this paper we show how the information from CDF about the top quark mass helps the study of the effect of anomalous gauge couplings on the CP violating parameter ǫ ′ /ǫ in comparison with the SM prediction.
In general there will be more gauge boson self-interaction terms than the tree level SM predicts. The most general W W V interactions with the W boson on shell, invariant under U(1) em , can be parametrized as [4] There have been many experimental and theoretical studies of the anomalous gauge boson couplings. Collider experiments at high energies have put constraints on some of these couplings [5, 6] . It has been shown that rare decays can provide important constraints [7] [8] [9] [10] . In Refs. [9, 10] using the recent data from CLEO on b → sγ [12] and data on
, constraints comparable or better than those obtained in collider physics were obtained. Rare B decays may provide more stringent constraints [11] . The constraints from rare decays are better than those obtained from the g − 2 of the muon [14] . In the literature the most stringent constraints on the anomalous gauge boson couplings are from oblique corrections to the precision electroweak experiments [15] . The anomalous gauge coupling contributions to the oblique corrections are some times quadraticly or even quarticly divegent. Care must be taken when evaluating these contributions. Strictly, one should return to the underlying theories to remove the quartic and quadratic divergences [15] . For purely phenomenlogical studies, we think the constraints from direct W pair productions [5, 6] , and rare decays [9, 10] (the divergences here are at most logrithmic) are more reliable.
For the CP violating anomalous coupling, the best constraints are from neutron and electron electric dipole moments [16] .
In obtaining the bounds on the anomalous gauge boson couplings, most of the analyses assumed only one coupling is different from the SM tree level predictions. A real underlying theory would produce more than just a single anomalous coupling. If the analyses were carried out including all anomalous couplings simultaniously, the bounds would be much weaker. It is nevertheless interesting to find out if, when these stringent bounds are applied, there are still large effects on other processes. In this paper we will show that there can be still large effects on ǫ ′ /ǫ from the anomalous W W γ and W W Z couplings.
The parameter ǫ ′ /ǫ is a very important quantity to study. It measures direct CP violation in K → ππ. Experimental measurements are not conclusive at this stage [17] ,
While the result of NA31 clearly indicates a non-zero ǫ ′ /ǫ, the value of E731 is compatible with zero. However, the two results are consistent at the 2 standard deviation level. The SM prediction for ǫ ′ /ǫ depends on the value of the top quark mass. It has been shown that for a small top quark mass, the most important contributions to ǫ ′ /ǫ are from the strong penguin and isospin breaking due to quark masses. For a large top quark mass, the electroweak penguins also become important [18, 19] . In fact the sign of ǫ ′ /ǫ may change for m t larger than 220 GeV. If the top quark mass is indeed about 174 GeV as reported by CDF, the electroweak penguin contribution will not cancell the other contributions completely. The predicted value for ǫ ′ /ǫ is about 10 −3 ∼ 10 −4 which will be within the reach of future experiment. We will then be able to find out if there are other contributions to ǫ ′ /ǫ. This illustrates the importance of knowing the m t in determining the physics beyond the SM.
The anomalous gauge intereactions are purely electroweak, so their contributions to ǫ ′ /ǫ will not affect the strong penguin but may have significant effects on the eletroweak penguins.
We will show that the anomalous gauge couplings can change the result dramatically.
II. NEUTRAL FLAVOR CHANGING EFFECTIVE HAMILTONIAN
The effective Hamiltonian H ef f for flavour changing neutral currents with ∆F = 1, at the one loop level, is given by
where H SM is the SM contribution which can be find in Ref. [20] , and H AGC contains the contributions from anomalous gauge couplings. It is give by
with
For terms which are divergent in the loop integral, we have just kept the leading terms. We used unitary gauge in our calculations. Our first term in H A does not agree with Ref. [7] where the author obtained a cut-off indenpendent result. The term in H A proportional to ∆κ is similar to the term in the SM with κ = 1. In R ξ gauge, this term is gauge dependent [20] . In the unitary gauge this term diverges. This gauge dependent term is cancelled by terms from "box" and Z exchanges in physical processes. In our case because the coupling ∆κ is anomalous, there are no terms coming from "box" and Z exchange to cancel it.
The Hamiltonian in eq. (3) is the lowest nonvanishing order contribution to flavor changing neutral current. It has been show that QCD corrections are important in the SM [18, 19, 21] . QCD corrections should be included in phenomenological analyses. To this end, we carry out the leading log QCD correction to the weak effective Hamiltonian. The effective
Hamiltonian at the energy scale µ relevant to us can be written as
where i = 1,... 10 and
The coefficients C i satisfy the renormolization group equation to the first order in α s and
where γ (s) and γ are the anomalous dimension matrices which were obtained in Ref. [22] .
The Wilson coefficients at the scale µ is obtained by first calculating the coefficients at the scale m W and then using the renormalization group to evolve down to the scale µ. In our calculation we will use experimental values for the CP conserving amplitudes. We only need to calculate the Wilson coefficientsỹ i which are enter the calculation of CP violation. The four quark operators are defined as
Among these operators there are only seven linearly independent ones. We use Q 
The boundary conditions at m W for the Wilson coefficients in the SM can be found in
Ref. [18] [19] [20] which depend on the top quark mass. We will not display them here. When the anomalous gauge coupling contributions are included, due to the new contributions, the boundary conditions at m W for the Wilson coefficients are different from the SM. The new contributions will changeỹ 3,7,9 . From eq.(4) we obtain the anomalous gauge boson coupling contributions to the Wilson coefficients at the m W scale,
The other coefficients are not changed from those of the SM. Note that the new contributions to the effective Hamiltonian depend only on ∆κ γ , λ γ , ∆g Table 1 and 2 the values for y i as a function of m t and the anomalous couplings.
III. CONTRIBUTIONS TO ǫ ′ /ǫ
The parameter ǫ ′ /ǫ is a measure of CP violation in K L,S → 2π decays. It is defined as To separate different contributions to ǫ ′ /ǫ, we parametrize ǫ ′ /ǫ as
where (ǫ ′ /ǫ) 6 is the contribution from y 6 which is given by
Here
where Ω η+η ′ is the contribution due to isospin breaking in the quark masses which is estimated to be in the range 0.2 ∼ 0.4 [22, 23] . We will use Ω η+η ′ = 0.25 for illustration. The other contributions are defined as follows
The calculation of the hadronic matrix elements is the most difficut task [18, 19, 22, 24, 25] .
There is no satisfactory procedure for this calculation at present. We will use the values in
Ref. [19] in our tables and figures for illustration, and put our emphasis on the effects of the anomalous couplings. In Figure 1 , we show the dependence of 1 −Ω as a function of m t and the anomalous gauge boson couplings.
IV. DISCUSSION
We show in Table 1 the SM predictions for the Wilson coefficients as a function of top quark mass m t . In Table 2 , we show the effects of anomalous couplings on y 7,8 as functions of m t and the anomalous couplings. It is clear that the anomalous couplings can dramatically change the SM predictions.
In our numerical analyses of the effects of anomalous coupling on the Wilson coefficients, we will assume that only one anomalous coupling is non vanishing. As have been mentioned before that this may not be true. We nevertheless carry out the analysis this way to illustrate the effects of anomalous couplings on ǫ ′ /ǫ. We use some values of the anomalous couplings which are consistent with constraints from rare decays because they are all derived from the effective Hamiltonian in eq.(3). The constraints from rare decays are top quark mass m t dependent. Using the recent CLEO bound on b → sγ at the 95% CL [12] , the anomalous couplings ∆κ γ , λ γ are contrained to be in the range −2.2 ∼ 0.35 and −6.7 ∼ 1.1 respectively for m t = 174 GeV. For larger m t , the constraints are more stringent [9] . These constraints are cut-off scale Λ independent. However the constrants from The specific values for the anomalous couplings are given in Table 2 . We used values for the anomalous couplings which are also consistent with the constraints from collider phyiscs [5, 6] .
The anomalous couplings affect all the Wilson coefficients through renormalization. However, the effects on y 1,2,3,5,6 are less than 5% and can be neglected. The effects on y 7,8 are large. In Table 2 , we show the effects of anomalous couplings on y 7,8 as functions of m t and the anomalous couplings.
In Figure 1 , we show the dependence of 1 −Ω as a function of m t and the anomalous gauge boson couplings. The anomalous gauge boson couplings have a large effect on Ω EW P .
The effect on other contributions to Ω can be neglected.
Using the value < Q 6 > 0 = −0.255 GeV 3 for m s = 0.175 GeV, we have
Here we have used y 6 ≈ −0.09. Using information from CP violation in K −K mixing and data from B −B mixings [13] , the allowed range for Im(V td V * ts ) is constrained to be in the region 3 × 10 −4 ∼ 0.5 × 10 −4 for m t varying from 100 GeV to 250 GeV. We see that There are, of course, uncertainties due to our poor understanding of the hadronic matrix elements, erorr in the QCD scale Λ 4 for four flavor effective quarks. In Ref. [25] , using a different set of hadronic matric elements, it is found that the value for 1 −Ω can vary a factor of two. It has recently been shown that the next-to-leading order QCD corrections [26] can reduce the ǫ ′ /ǫ about 10% to 20%. The uncertainty in Λ 4 is ±30%. In the above analysis, we have neglected contributions from gluon dipole penguin operator of the form qσ µν λ a (1−γ 5 )qG µν a . It has been shown that to the leading order in chiral perturbation theory, this contribution vanishes [27] . Higher order chiral perturbation calculations indicate that this contribution may enhance the value for ǫ ′ /ǫ by about 10% for m t = 165 GeV [27, 28] .
When taking into account all the effects mentioned, we conclude that for m t = 165 GeV, ǫ ′ /ǫ is in the range 10 −3 ∼ 10 −4 .
From Figure 1 it can be easily seen that the anomalous gauge couplings can change the result dramatically. ǫ ′ /ǫ can be much larger than the SM prediction and the value of m t where the sign change of ǫ ′ /ǫ occurs can be significantly shifted. The change of sign for ǫ ′ /ǫ can occur for m t as small as 120 GeV for allowed values for the anomalous gauge couplings.
Future measurements on ǫ ′ /ǫ will certainly provide useful information about the anomalous gauge couplings. In Figure 1 , we also show 1 −Ω with the anomalous couplings set to be ±0.1 for ∆κ γ and ∆g http://arXiv.org/ps/hep-ph/9405288v1
